To determine the effects of different sources of fiber and feeding frequency on digesta water-holding capacity (WHC g HzO/g DM) and ruminal liquid contents, four ruminally fistulated Jersey steers were fed a 60:40 roughage-concentrate diet at 1.5 times &. Diets contained either sorghum silage (SS) or a 67:33 mixture of SS and soyhulls (SH) as roughage and were fed either once or 12 times daily, in a 2 x 2 factorial experiment with 1 5 d periods. Ruminal fluid was sampled at 2,4, 6, 8, 10, 12, 16,20, and 24 h after a dose of Co-EDTA on d 10 and analyzed for Co, VFA, ammonia, buffering capacity, and osmolality. Ruminal WHC, NDF, ADF, lignin, and starch were measured in samples obtained by ruminal evacuation at 3,6,12, and 24 h after feeding on d 11,12,14, and 15, respectively. Substitution of SH for SS decreased ruminal pH .32 Units and dilution rate by 26.8% but increased total VFA by 10.9%. osmolality by 13.6%, and the fractional turnover rate (FIR) of ADF by 22.5% (P < .05). Frequent feeding resulted in 4.7, 21.9, and 74.4% increases in total VFA and FIR of ruminal DM and starch (P < .OS), respectively. Interactions (P < .05) were observed between dietary fiber source and feeding fiequency for ruminal fluid molar percentage acetate to propionate ratio (A/€'), liquid volume (evacuated), and WHC (kilograms). Substituting SH for SS decreased ruminal WHC (kilograms), liquid volume, and A/P only in steers fed once daily. Ruminal WHC (kilograms) was correlated positively with ruminal liquid volume but negatively with DM FIR. The dynamics of digesta WHC (kilograms) associated with dietary fiber source and feeding frequency suggest that it may influence the contribution of water and salivary secretions to ruminal liquid contents.
establishes a reasonably steady-state condition for both digestion and metabolism. Frequent feeding reduces fluctuations in ruminal measurements, minimizes variation in VFA production and digesta flow, and increases the proportion of acetate in ruminal fluid, even with concentrate diets (Herbein et al., 1978 ; Froetschel et al., 1983) . Increasing the frequency of meal consumption by ruminants may complement the effect of fiber, associated with its physical form, on ruminal fermentation by maintaining a more constant ruminal WHC. Thus, even cereal brans that contain highly digestible fiber may influence the ruminal liquid environment if fed frequently. The objective of our experiment was to feed diets that varied in digestible fiber content at different frequencies to measure the association of digesta WHC with the ruminal liquid environment, fermentation, and fractional tumover of digesta.
Yaterlals and Methods
Four ruminally fistulated Jersey steers (547 f 29 kg BW) were used in a 4 x 4 Latin square designed experiment with a 2 x 2 factorial mangement of treatments. The compositional analysis and intake of the experimental diets are shown in Table 1 . The two diets contained 40% concentrate plus either 60% sorghum silage (SS) or 40% sorghum silage and 20% soyhulls (SS + SH) on a DM basis. Steers were fed either once (lx) or twelve times (12x) at 2-h intervals daily. The diets were fed at 1.5 times the NE, requirement (NRC, 1984) . This relatively low feed intake ensured consistent feeding behavior throughout the experiment and facilitated both ruminal digesta evacuation and replacement. Experimental periods were 15 d in length, with d 1 through 10 for diet adaptation and d 11 through 15 for intensive ruminal sampling.
On d 10 of each experimental period, steers were infused with a 20-g pulse dose of Co-EDTA as a water-soluble marker (Uden et al., postdosing from multiple sites in the rumen. Samples of ruminal digesta were strained through cheesecloth, analyzed for pH, and stored frozen for subsequent analyses of buffering capacity by titration (Counette et al., 1979) . osmolality by freezing point depression4, VFA by gas liquid chromatography5 (Anonymous, 1975) , ammonia (specific electrode)6, and Co by atomic absorption spectrophotometry7 (Uden et al., 1980 (Robertson and Van Soest, 1980) , CP (AOAC, 1984) , starch (Froetschel et al., 1989) , and WHC by centrifugation (Robertson and Eastwood, 1981) and filtration . Approximately 15 min were required to empty, sample, and refill the ruminal contents of each steer. Samples of ruminal digesta were immediately weighed and placed in a forcedair oven for DM determination. Oven-dried samples were air equilibrated and ground through a 1-mm screen in preparation for various analyses. The basis for determining the fractional turnover (sum of digestion plus passage) of ruminal digesta and its components from evacuation measurements was generally described by Hungate (1966); similar determinations have been derived from slaughtered animals (Gheradi and Black, 1989) . The slope of the regression of the natural logarithm (LN) of ~m i n a l DM, NDF, ADF, cellulose, and hemicellulose contents at 3, 6, 12, and 24 h after feeding were used to estimate the ruminal l T R of these dietary components with the lx feeding regimen. An estimate of 0-h ruminal starch concentration was obtained by adding the amount consumed to that found intraruminally 24 h after feeding and was included in regression analyses for estimating the FTR of starch in animals fed lx. Due to the apparent flushing of ruminal contents that occurs with feeding, it could be assumed that adding intake to the 24-h measurement was not valia however, the 24-h measurement for ruminal starch was negligible. The use of a predicted 0-h point provided much higher correlation coefficients than the regression of ruminal starch at 3, 6, 12, and 24 h. Steady-state ruminal conditions were assumed to exist with frequently fed steers (1 2x); therefore, F T R for DM, NDF, and ADF were estimated by dividing intake rate (kg/h) by the mean nutrient pool size (kilograms) with steers fed 12x. Pool sizes (kilograms) of dietary constituents were determined by averaging ruminal digesta contents at 3, 6, 12, and 24 h in frequently fed steers. Ruminal liquid dilution rate was estimated from the slope of the nonlinear regression of the exponential decay of &EDTA over time after dosing (SAS,
1982).
All data were analyzed statistically by using an ANOVA for a 2 x 2 factorial with the GLM procedures of SAS (1982); main treatment effects were partitioned into 1) fiber source, 2) feeding frequency, and 3) interaction (fiber source x feeding frequency). When a significant interaction was detected (P e .05), differences among least squares treatment means were determined by nonorthogonal single degree of freedom comparisons. B e cause of repeated measurements, ruminal VFA, AND AMOS pH, ammonia, osmolality, buffering capacity, hydration capacity, and volume data were analyzed as a split plot in time (Snedecor and Cochran, 1980) . A nested interaction term, animal x period x (feeding frequency x fiber), was used as an error term to test the main effects. Specific measurements were fit to a linear model using the multivariate regression procedures of SAS (1982).
Results and Dlscusslon
Chemical analysis and intake of experimental diets are reported in Table 1 . Diets were formulated to be comparable in energy, N, and detergent fiber composition based on NRC (1984) values for concentrates and analysis of the sorghum silage. Intakes of CP, NDF, ADF, and starch were similar for both experimental diets. However, steers were fed 10% less starch with the SS + SH diet.
Feeding behavior was consistent throughout the study. Meals were consumed within the 1st h after the lx feeding and within 10 min during the frequent feeding regimen.
The effects of substituting SH for SS and feeding frequency on ruminal buffering capacity, osmolality, and VFA are presented in Table  2 . The split-plot analysis of fermentation data with repeated samples as subunits indicated that most of the criteria reported in Table 2 were dependent on sampling time and feeding frequency. Fermentation end-product levels generay were higher within the first 6 h postfeeding and lower afterwards for steers fed lx compared with those fed 12x daily.
Because there were no interactions between sampling time, feeding fkequency, and fiber source, least squares means across all sampling times are reported in Table 2 to facilitate presentation of the data. Substitution of SH for SS resulted in ruminal pH and VFA patterns expected from increasing the proportion of concentrate in a diet. Ruminal pH was reduced .32 percentage units (P e .05) with soyhull substitution, which was consistent with an 11% increase (P e .OS) in total VFA concentration. Acetate, propionate, and butyrate concentrations were increased (P < .05) as a result of SH substitution. Other researchers have demonstrated that supplementation of forage based diets with SH results in VFA concentrations that are comparable to supplementing a diet with rapidly fermented carbohydrates (Highfill et al., 1987; Bernard et al., 1988 ). An interaction (P < .lo) between feeding frequency and SH substitution was observed for the molar percentage of acetate and butyrate and the acetate to propionate (A:P) ratio. The ratio of A:P was 11% lower in the ruminal fluid of steers fed SS + SH than in that of steers fed SS with the lx daily feeding; however, SH substitution did not influence the A:P ratio with 12x feeding. The effect of frequent feeding on increasing the ratio of A P is well established (Kaufman, 1976; Goetsch and Galyean, 1983; Bragg et al., 1986 ). In addition, frequent feeding resulted in ruminal fluid that was 4.7% higher in total VFA (P < .05; Table 2 ). Thus, increasing feeding frequency from 1 to 12 meals per day enhanced fermentation yet shifted VFA patterns in a manner consistent with feeding diets that have a greater proportion of roughage. This may have been responsible for the absence of the SH effect on A:P ratio with 12x feeding. Ruminal osmolality was increased 13.6% (P < .05) when steers were fed diets containing SH. Differences in osmolality likely were the result of levels of fermentation acids in ruminal fluid when steers were fed SS + SH. Ruminal ammonia concentration was increased 46.6% when steers were fed the SS + SH compared with SS (P < .01). The increase in ruminal ammonia concentration with SH substitution may have resulted from the more extensive ruminal degradation of protein of SH compared with SS. Even though diets were fed to be isonitrogenous, approximately 20% of dietary ff was from SS in the SS + SH diet, whereas the silage contributed 33% of the CP in the SS diet.
Effects of diets and feeding frequency on ruminal liquid and DM contents dilution rate and WHC of digesta are reported in Table 3 .
Each of these measurements was obtained by ruminal evacuation except dilution rate, which was obtained by measuring the decremental concentration of a pulse dose of CeEDTA. The measurements that originate from evacuation of animals fed lx daily are more representative of the first 12 h after feeding because evacuations were conducted at 3, 6, 12, and 24 h postfeeding. An interaction between feeding frequency and SH substitution (P < .Ol) was observed with regard to differences in ruminal liquid contents. Ruminal liquid tended to be highest when steers were fed the SS diet lx daily and lowest when the same diet was fed 1% daily (53.5 vs 43.5 kg). Substitution of SH for SS resulted in an 11% decrease in ruminal liquid contents when steers were fed lx daily, whereas ruminal volume increased by 10% with the frequent feeding regimen. Treatment effects on ruminal liquid contents were not dependent on time (P > .l);
however, it tended to be greater in steers fed SS l x daily 6 h after feeding, as depicted in Figure 1 . Frequent feeding reduced ruminal volume by 11.8% (P < .05) when measured by interpolating the O-time dilution of a pulse dose of Co-EDTA (data not shown). Least squares means for mminal volume based on Co-EDTA dilution were 46.3, 43.7, 42.0, and 37.4 f 2.0 (liters) for the SS and S S + SH diets fed lx daily and 12x daily. Others also have found that ruminal volume determined by evacuation generally is higher than that obtained by interpretation of the pulse dose of a water-soluble marker (Teeter and Owens, 1983; Jacques et al., 1986) . The effect of feeding frequency was dependent on time (P < .05) for ruminal DM contents, as represented in Figure 2 . There were 1.27 to 2.38 kg more ruminal DM contents at 3 and 6 h postfeeding and 1.6 kg less at 24 h postfeeding in steers fed lx daily. Ruminal dilution rate was increased 23% by frequent feeding and decreased 27% by SH supplementation. This effect of SH on dilution rate is characteristic of concentrate; however, the effect of frequent feeding on ruminal liquid dilution is not consistently evident in the literature. Nocek and Braund (1985) reported that ruminal liquid dilution rate of lactating dairy cattle fed a silage-based total mixed ration was increased by feeding four times daily relative to feeding either once, twice, or eight times daily. Goetsch and Galyean (1983) estimated ruminal liquid dilution rate of steers fed 75% concentrate diets by fecal recovery of water-soluble digesta markers to be increased However, these researchers did not observe differences in ruminal dilution rate as determined with a pulse dose technique and ruminal sampling. Ruminal digesta WHC (Table 3) is expressed both in terms of a concentration (grams of HzO/grarn of DM) and as an amount (kilogram), which is the product of ruminal DM content and the concentration of WHC. In regard to treatment effects, similar results were obtained with each of the two methods used to measure ruminal WHC ( digesta as measured by filtration (WHC-F) averaged 11% greater than that measured by centrifugation (WHC-C); however, the two methods were positively correlated both in concentration (grams of H2O/gram of DM, r = .68; P e .01) and amount of ruminal digesta WHC (kilograms of H20; r = .84; P c .02). reported that the centrifugation method was more sensitive than the filtration method for determining differences in WHC of vegetable fiber due to plant maturity or variety. The filtration method accounts for more of the water that surrounds fiber particles, whereas the centrifugation method measures the susceptibility of the hydrated sample to form a pellet and may reflect the structural properties of the fiber (Stephen and Cummings, 1979; . In regard to the chemical composition of digesta that was associated with WHC, on a concentration basis (grams of HzO/gram of DM), only the ADF fraction was positively correlated with WHC-C (r = .36; P e .03). The relationship between digestible fiber and WHC differs depending on whether samples originated from the diet or digesta. Although both the initial rate and total extent of dietary WHC is related to the most digestible fraction of fiber, these and other results (Stephen and Cummings, 1979; McBumey et al., 1985) indicate that the extent of digesta WHC-C (grams of H~O/gram of DM) is more related to the indigestible fraction of fiber.
Water-holding capacity of ruminal digesta than that of digesta taken from steers fed SS + SH as measured by centrifugation and filtration, respectively. An interaction between feeding frequency and soyhull substitution was observed (P c .01) for the total water held in ruminal contents (kilograms) as measured by centrifugation (WHC-C). Although least squares means for WHC-C (kilograms) are more representative of the first 12 h postfeeding, steers fed the SS diet lx daily had 22% more ruminal digesta WHC-C (kilograms) than steers fed the SS + SH diet lx daily. With 12 daily feedings, total WHC-C (kilograms) was 6% higher with SS than with SS + SH. These results indicate that feeding frequently minimized differences in digesta WHC-C that were observed when steers were fed lx daily.
Feeding SS + SH 12 times daily presumably maintained a more constant ruminal WHC than feeding SS + SH once daily. This observation tends to support frequent feeding as a method to enhance the physical effect of highly digestible fiber sources on the ruminal liquid environment.
A time x treatment interaction (P c .OS) was found for both the concentration and amount of ruminal WHC-C. At 6 h after feeding lx, a 27.3% increase in the amount of ruminal WHC-C was observed when steers were fed SS compared with the SS + SH diet feeding and total WHC (kilograms) is a product of ruminal DM content and the concentration of hydration capacity. The WHC at 6 h after feeding seems to correspond with the maximum microbial activity associated with ruminal digestion in steers fed lx. Stephen and Cummings (1980) noted that gastrointestinal bacteria are an important water-holding component of digesta. The peak in hydration capacity that occurred 6 h after feeding the S S steers lx daily may reflect the microbial component of ruminal digesta and its influence on the physical and chemical properties of digesta. The role of microbial mass in altering the WHC of digesta deserves further attention.
Ruminal liquid volume and passage generally is recognized to be influenced by the difference between ruminal osmolality and that of the circulatory system that perfuses the rumen. In other research, intramminal infusion of mineral salts resulted in greater ruminal liquid outflow; however, this response was magnified when diets were fed that contained a higher proportion of roughage (Rogers et al., 1979) . Ruminal digesta W C as influenced by dietary fiber may play a role in the regulation of ruminal liquid digesta flow. Although ruminal dilution rate was not correlated (P > .l) with WHC in this study, ruminal fluid turnover rate was highest with the SS diet that contributed the most WHC-C to ruminal contents. Furthermore, ruminal liquid volume tended to be highest when steers were fed the S S diet l x daily at 6 h after feeding ( Figure 1) and was consistent with the amount (kilograms) of ruminal WHC-C. In addition, WHC-C (kilograms) was positively correlated with ruminal volume (r = .64; P < .06) and fitted to a linear model (P < .01) using regression analysis ( Figure 5) . Although significant regressions were found between DM, NDF, or ADF and r~minal liquid contents (9 = .34 to .38; P < .Ol), WHC (kilograms) was more highly associated (9 = .50; P < -01) with this criterion. The WHC of ruminal digesta may affect the extent to which saliva can contribute to ruminal liquid. Salivation rate is closely associated with ruminal liquid volume (Froetschel et al., 1989b) or dilution rate (Poutianen, 1968; Froetschel et al., 1989a) . Woodford et al. (1984) (Figure 2 ) provides additional evidence that ruminal evacuation does not seriously alter ruminal digestive processes. In regard to the l x daily feeding regimen, the correlation coefficients for regressions of the LN concentrations of ruminal contents over time averaged .95 f .05 for the various components measured and also indicates that digestion was not substantially disrupted in steers fed lx daily.
Increased frequency of feeding resulted in a 21.9% faster FIR of ruminal DM (P < .05; bpeedi nB m u e q effect (P < .05).
'Fiber source effect (P < .OS). ments depended on the feeding frequency. The difference in these two methods and in pool sizes may be responsible for differences in FIR attributable to feeding method. However, levels of ruminal VFA imply that digestion was more intense in frequently fed steers and is compatible with the faster FIR of ruminal DM and starch. In addition, a steady-state feeding regimen may increase the FTR of ruminal DM by decreasing the lag phase of digestion as a result of greater microbial numbers (Mertens, 1977) .
In regard to fiber source, the FIR of ruminal ADF was increased by 22.5% with SH substitution (P < .05). Although SH are 75 to 80% NDF, their digestion rate is .4 to 2.5 times faster than that of most forages (Klopfenstein and Owen, 1987). Because approximately 50% of the ADF in SS + SH was from SH, the increased FTR for ADF presumably is a function of a faster digestion rate for SH than for SS. Other researchers (Highfill et al., 1987) have found that SH increased total tract digestibility of fiber when SH replaced supplemental corn in forage-based diets. The positive effects of substituting SH for corn on fiber digestion have been attributed to reduced negative associative effects. Although less information is available concerning effects of substitution of SH for the forage component of a diet, SH substitution in our study enhanced FTR of ADF in proportion to the SH level of supplementation.
There was a negative correlation between ruminal WHC-C (kilograms) and the ruminal FTR of DM (r = -.69; P e .OS). The best fit (P .01) linear regression model between WHC-C and DM FTR is shown in Figure 6 . Stephen and Cummings (1980) reported that the WHC effects of fiber in the human colon were dependent on the extent of colonic fiber digestion, with cereal brans contributing more to digesta WHC than vegetable fiber sources.
In our research, DM FTR, a function of both digestion and passage, seemed to be involved in the effect of WHC (kilograms) on the ruminal liquid environment. Ruminal volume was highest when steers were fed the SS diet once daily, which corresponds to the slowest DM FJX. Increasing DM FTR results in less WHC (kilograms) because FTR is an inverse function of pool size. Supplementation of highly digestible fiber (SH) lowered ruminal pool size of DM and, presumably, WHC (kilograms). Understanding the relationship between WHC, the ruminal liquid environment, and fermentation may have application to ruminal distension, intake regulation, and the site and extent of nutrient digestion in fllIILinants.
Implications
The relationship between ruminal waterholding capacity and liquid volume and passage can be manipulated by diet and feeding frequency at levels of intake near maintenance. The water-holding capacity of ruminal digesta is a factor involved in the ruminal flux of digesta fluids and solutes. Substituting a more digestible source of dietary fiber reduced ruminal water-holding capacity (kilograms), liquid volume, and dilution rate and increased nuninal volatile fatty acid concentrations and fractional turnover of ruminal acid detergent fiber. However, frequent feeding minimized differences in water-holding capacity (grams of H2O/gram of dry matter) and other effects associated with dietary fiber source. These findings imply that the effects of frequent feeding on ruminal fermentation are associated with digesta water-holding capacity and its influence on the ruminal liquid environment.
